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Instrumental aspects of low-energy electron microscopy are reviewed with a view toward the 
future evolution of this rccmergeni technology. Both elastically scattered and inelasiically 
excited electrons in the 0-1000-eV range may be used to form direct rather than scanned images 
of surfaces in the 3-10-nm resolution range. Different instrumental setups may be used to form 
images that selectively contam information about the topography, crystalline structure, chemical 
composition, or magnetic orientation of the first few monolayers. Frequently, parallel imaging 
allows observation of dynamic processes occurring during observation. Key electron optical 
elements and their systemic relationships are described in the context of a still hypothetical 
generalized instrument that would allow complementary exploitation of many contrast modes. 
Image quality issues such as resolution, sensitivity, statistics, and contrast selectivity are 
considered with a view toward their optimization, in many cases by drawing ideas and 
technologies from other fields of microscopy. 



I. INTRODUCTION 

The low-energy electron microscope uses the low- 
energy electrons leaving a surface to form direct rather 
than scanned images. In the past, this branch of electron 
microscopy has been called low-energy electron micros- 
copy (LEEM), reflection microscopy, or emission micros- 
copy, depending upon the origin of these electrons. In this 
article, both the technique and the instrument will be 
called LEEM because this term does justice to the breadth 
of the subject, and because instruments using both emitted 
and reflected electrons share a common evolution and tech- 
nical foundation. 

A. What Is a LEEM7 

Figure 1 shows the most important elements of a 
LEEM alongside a more familiar transmission electron mi- 
croscope (TEM). Both instruments are the electron opti- 
cal analog of a light microscope, where a senes of lenses 
project a magnified image upon a screen. Both a LEEM 
and a TEM use an electron gun to supply electrons that 
illuminate the sample. Absorption, scattering, and interfer- 
ence of electrons at the sample allow observation of detail 
much smaller than a light optical microscope can resolve. 

A TEM uses high-energy electrons that can pass 
through a thin sample without losing much energy. Con- 
trast is observed when some electrons are scattered outside 
the aperture, or when low angle scattered beams interfere 
with the unscattered beam. The image is a two-dimensional 
projection of the scattering occurnng anywhere within the 
specimen. In modem TEMs. the specimen lies at ground 
potential, between the pole pieces of a strong magnetic lens 
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that is used to focus both the image and illumination. 

The LEEM instrument is similar in many ways, but 
there are important differences that make it suitable for 
imaging surfaces instead of thin slices of bulk material. 
Within the objective lens, a strong electric field is applied 
to the sample surface. Usually the sample is floated at high 
voltage with respect to the objective lens and the rest of the 
optics. The low-energy electrons that are either emitted or 
reflected from the surface are rapidly accelerated, reaching 
high energy before being refocused by the electron lenses. 
Low-energy electrons form the image. Light, x rays, heat, 
and other mechanisms besides electron scattering can gen- 
erate image electrons. Usually, a LEEM image is formed 
from electrons that leave the surface with energies between 
zero and a few hundred eV, and that have been accelerated 
through a few tens of keV. After acceleration, this image 
beam still has a spread of energies, but the image can be 
focused using a narrow range of lens settings. Absorption, 
emission, scattering, and diffraction properties of the sur- 
face may all be used to obtain contrast. 

When electrons are used for illumination, the illumi- 
nating beam travels coaxially in the opposite direction 
within the objective lens. It is decelerated before approach- 
ing the surface. Low-energy illumination tends to be either 
reflected or absorbed without penetrating deeply. Simi- 
larly, low-energy secondary electrons generated by elec- 
tron, light, or other illumination cannot escape from deep 
within the surface, so imaging only involves the immediate 
surface layer. 

The energy of electron illumination is determined by 
the potential difference between the electron source and 
sample surface. By adjusting this bias, illumination energy 
may be varied between zero and a few keV without chang- 
ing the behavior of the rest of the optics acting upon a 
much higher energy beam. Using gun bias and an image 
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FIG. 1. The basic configurations of TEM and LEEM electron micro- 
scopes, emphasizing the two key elements of a LEEM that are necessary 
for surface imaging. 



energy filter, both the illumination and image energies may 
be selected. Energy relationships are especially important 
in LEEM, where contrast depends strongly upon the en- 
ergy of electrons as they enter and leave the surface. 

A characteristic feature of the LEEM is the beam sep- 
arator shown above the objective in Fig. 1(b). This ele- 
ment allows the electron illumination and image beams to 
fold back upon themselves after reflecting from the surface. 
The objective lens acts upon incoming illumination and 
outgoing image beams in very similar ways, but above the 
objective, a magnetic prism deflects the beams in opposite 
directions, creating separate spaces for the illumination 
and imaging optics. In terms of configuration, the main 
differences between the LEEM and its TEM counterpart 
are the electrostatic immersion objective lens and the sep- 
arator, which together allow high-resolution imaging of 
surfaces using very low-energy electrons. 

With this brief introduction to the LEEM, we turn to 
a more general discussion of surface imaging electron mi- 
croscopy before returning to a more detailed review of 
LEEM technology. 



B. Surface Imaging microscopy 

Surface imaging microscopy helps to visualize or char- 
acterize surfaces. A LEEM observes the interface between 
a solid surface and a vacuum. Usually the first few mono- 
layers of the surface determine its chemical and physical 
behavior, so this is a region of special interest. At low 
energy, the mean free path of an electron in a solid vanes 
from 0.5 to 10 nm m the range of 3-1000 eV, with the 
minimum at about 50 eV.' Electron microscopes can thus 
be very surface selective if low-energy electrons are used 
for imaging, in this energy range, wavelengths vary from 
0.7 to 0.04 nm, i.e., over the range of interatomic and 
molecular disunces. From both direct and diffraction im- 
ages using this range of wavelengths, one can learn a re- 
markable amount about a surface. 
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The information that is desired from an image usually 
falls into the categories of its topography (shape of the 
surface) its crystalline structure, its chemical composition, 
or sometimes its secondary characteristics such as its mag- 
netic domain structure or surface potential. To character- 
ize a surface, one frequently needs to Icam something 
about each of these aspects. 

Electrons arc a convenient medium to use for high- 
resolution surface imagmg. Their energy and wavelength 
may be manipulated by electrostatic fields, and they may 
be focused and deflected by simple electromagnetic ele- 
ments. Their wavelength has important implications in the 
way they scatter, and in the available resolution. Even at a 
low energy of 10 cV, the electron wavelength is about 0.4 
nm, suggesting diffraction or uncertainty principle limited 
resolution on an atomic scale. Due to other electron optical 
limitations, the realizable LEEM resolution is m the range 
of 3-10 nm, which still compares favorably with light op- 
tical and x-ray alternatives that are fundamentally limited 
to a few hundred nm. 

Direct imaging, rather than electronic reconstruction 
by scanning, is a characteristic feature of LEEM. Wave 
optical interference from many sites on the surface may be 
exploited. Viewing many image elements in parallel, con* 
ditions are favorable for the dynamic imaging of changing 
surfaces. When many pixels are illuminated in parallel, the 
image contains more electrons from which to gather useful 
image statistics quickly. The advantages of direct imaging 
do not preclude the use of scanning microscopy techniques 
using very similar instrumentation (SLEEM?), but this 
possibihty has yet to be explored. Drawing a parallel from 
higher energy electron microscopy, one might speculate 
that both direct and scanning techniques will eventually be 
applied in LEEM. 

A contrast mechanism is the way that detail upon the 
surface is converted to intensity modulation in the image. 
Given some kind of resolvable difference between regions 
on the surface, image contrast may be obtained if electrons 
leave the surface with different intensities, energies, or di- 
rections. Heat, photons, molecular beams, ions, or elec- 
trons may be used to excite the surface, generating elec- 
trons by emission or by reflective scattering. The type and 
energy of excitation quanta produces different contrast 
mechanisms. The energy of emitted or scattered electrons 
may be analyzed to select peaks characteristic of different 
chemical distributions. The differences in the angular dis- 
tribution of scattering from individual atoms, or the dif- 
fraction due to lattice spacings, are both sources of direc- 
tional contrast. Lastly, topography, material, local surface 
potential, and magnetic polarization can all influence the 
intensity of scattering, which also results in contrast. One 
recurring theme of this article is the variety and selectivity 
of different contrast mechanisms available within the in- 
strument. 

C. Surfac imaging instruments 

Many LEEM contrast mechanisms are also used in 
other kinds of surface electron microscopes. To help estab- 
lish the role of LEEM within the broader field of surface 



Electron microscopy 



5514 



5515 



electron microscopy, the following paragraphs will com- 
pare alternative techniques. First, it is important to list 
some of the cntena for image quality. Spatial resolution of 
detail comes to mind first, but alone it is insufficient. Tem- 
poral or time resolution measures the rate at which images 
with useful statistics (signal-to-noise ratio) may be ob- 
tained. Where several contrast mechanisms compete, selec- 
tivity measures the degree to which contrast may be 
uniquely interpreted to extract desired information. Lastly, 
along with spatial and temporal resolution, depth resolu- 
tion completes the specification of the minimum volume in 
space/time that can be observed. 

The scanning electron microscope (SEM) scans a fo- 
cused probe of higher energy electrons, typically 1-100-nm 
diameter at 0.5-50 keV, forming a serial image by collect- 
ing reemitted secondary electrons, photons, x rays, char- 
acteristic Auger electrons, etc. The resolved volume de- 
pends upon the probe diameter and the escape depth of 
secondary particles. Image statistics usually depend upon 
the brightness of the electron source, which determines the 
current that can be concentrated into the small probe. 

The scanning tunneling microscope (STM) uses an 
atomic scale stylus to probe the immediate surface by serv- 
ing the height of the stylus to maintain constant tunneling 
current. 

Transmission (TEM) and scamiing transmission 
(STEM) microscopes are much higher energy instruments 
that derive their contrast from low angle scattering occur- 
nng unselectively in the bulk or at both surfaces of a thin 
cross-section sample. Using grazing incidence, they can 
also exploit specular reflection from surfaces (REM) to sec 
some surface features also visible in LEEM. 

All of these instruments play important and sometimes 
unique roles in surface research, but none can universally 
characterize surfaces. For example, TEM, STEM, and 
STM routinely obtain atomic resolution, allowing the lo- 
calization of individual atoms in molecules and at crystal 
boundaries. An instrument similar to the STM can even 
manipulate atoms on cold surfaces. However TEM and 
STEM are unselective to depth, viewing bulk as a two- 
dimensional projection. STM is highly surface selective, 
but has difficulty probing sublayers, and has very limited 
chemical selectivity. SEM and LEEM do not reach atomic 
resolution, but in return they offer more opportunities for 
chemically selective imaging in the 10-100-nm range. Both 
these instruments use longer wavelength electrons with 
correspondingly lower diff'raction limited resolution. 
Where inelastic secondary electrons are used, their escape 
depth also plays a role in limiting lateral resolution. 

TEM and LEEM are parallel imaging techniques that 
view the full field simultaneously. As mentioned previ- 
ously, it can be shown that under similar coherence con- 
ditions, the TEM and LEEM make more quanta available 
to excite image electrons. They generally offer superior 
temporal resolution and are attractive for studies involving 
weak or rapidly changing contrast. Traditionally, SEM and 
LEEM allow more space for the auxiliary equipment nec- 
essary for dynamic studies. However, the senal imaging 
instruments STEM and SEM tend to be more quantiUtivc 



when simpler, single-channel detectors are used. It is not 
yet clear which instruments are more sensitive to small 
concentrations of material. 

STEM, TEM, SEM, and LFHM can use relatively well 
understood spcctrographic data to interpret chemical con- 
trast. They are all sensitive to characienstic inner shell 
energy levels, while STM spectroscopy is limited to valence 
and conduction bands. To some extent, all these instru- 
ments suffer from contrast ambiguities due to topography 
and multiple scattering eff'ects. 

TEM and LEEM can use coherent illumination to ex- 
ploit wave optical interference eff'ects, while the SEM and 
STM illumination is confined to an individual resolution 
element. TEM and LEEM can obtain diff'raction patterns 
from localized area, allowing partial reconstruction of the 
unit cells of crystalline samples, even when they cannot be 
directly imaged. Holographic imaging techniques are be- 
coming popular in TEM and may also be applicable for 
some LEEM samples. 

LEEM, TEM, STEM, and STM all require rather flat 
samples for different reasons, making the study of surfaces 
with macroscopic topography difficult. Special preparation 
techniques are often required to model real situations. On 
the other hand, SEM is known for its large depth of field 
and its tolerance for tilted and even convoluted topogra- 
phy. 

From this brief comparison (which may contain gen- 
eralizations that offend users of each instrument), the 
point to be emphasized is that each microscope makes 
unique and complementary contributions to the under- 
standing of surfaces. The LEEM offers a different set of 
advantages and limitations; its range of possible applica- 
tions is largely unexplored, so its place among electron 
microscopes remains for future users to define. The rest of 
this article will concentrate upon the instrumental aspects 
of the LEEM, striving to help these future users recognize 
new opportunities. 

D. History of LEEM 

Evolution of the LEEM spans the history of electron 
microscopy. Griffith and Engcl have recently complied a 
fascinating history, recording contributions from fields as 
diverse as CRT technology and biology.^ This article will 
only try to note some of the key advances in the evolution 
of the modem instrumental configuration. Accompanying 
progress in applications and other instrumental viewpoints 
may be found in other reviews. 

In early thermionic and photocmission microscopes, 
the advantage of immersing the surface in a high electric 
field in order to rapidly accelerate electrons was recog- 
nized.* A two-way coaxial beam of illumination and imag- 
ing electrons was applied first for mirror microscopy 
(where image electrons turn around before reaching the 
surface), and later, for low-energy electron diffraction.*^ A 
magnetic prism to separate incoming and outgoing beams 
was first introduced for mirror microscopy, '° and remains 
a key feature of all systems using electron illumination. 
Borrowing from transmission microscopy, as well as from 
earlier and more specialized mirror microscopes, emission 
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microscopes, and diffractometers/^ an objective lens aper- 
ture was introduced to enhance resolution and contrast. 
The first generalized instrument was conceived by 
Bauer," and successfully demonstrated in 1985 by Bauer 
and W. Telieps.*^ As well as assembling the necessary op- 
tical elements, a key advance in this instrument was the use 
of ultrahigh vacuum technology and the provision for in 
situ preparation and modification of the sample surface. 
Meanwhile, photoemission applications were extended 
from metallurgy* into biological applications. The advan- 
tages of spectroscopic imaging for enhancing both resolu- 
tion and chemical sensitivity have been recognized,' ' but 
have not yet been realized. These opportunities follow lr'5- 
icaliy from a similar evolution of the SEM and TEM to- 
ward analytic capability, and also from well established but 
nonspatially resolved photoelectron, x-ray (ESCA) and 
Auger (AEM) spectroscopy. The growing availability of 
commercial image intensifiers and real time image proces- 
sors are two examples of advances from outside micros- 
copy that are creating new possibilities in LEEM. 

The last few steps in the evolution of the LEEM in- 
strument have not been taken. By analogy with other kinds 
of electron microscopes, some of these steps are not diffi- 
cult to predict. Other advances will be determined by spe- 
cific research tasks for which the instrument seems suit- 
able.'^ Since the evolution of the instrument is driven by a 
desire to optimally exploit available contrast mechanisms, 
these will be described before discussing the details of the 
instrument itself. 

II. RESOLUTION AND CONTRAST IN LEEM 
A. Electron optics of the immersion lens 

The basic elements of an electron microscope are an 
illumination system, magnifying image detection system, 
and an objective lens containing the sample. Contrast 
mechanisms may be understood by concentrating upon 
what happens in the sample and objective lens under spe- 
cific illumination and imaging conditions. Figure 2 is a 
schematic representation of the LEEM objective lens, 
showing electrostatic biasing and the characteristic ray 
paths of illumination and im?>'ng electrons. The sample is 
usually floated at a negative potential of 10-30 kV. Facing 
the surface is a positively biased conical electrode that ac- 
celerates electrons away from the surface in an electric field 
of 10-200 kV/cm. Additional electrodes or magnetic pole 
pieces, schematically shown as a lens, are used to refocus a 
magnified image far above the lens. Electrons leave the 
sample with an initial starting energy eFrrO-lOOO eV, but 
they leave the objective lens with energy ef^^ — 20 keV, so 
that although low energies are used at the sample, most of 
the beam path optics involves fairly high-energy electrons. 
Since the surface of the sample is the first electrode of the 
objective, this kind of lens is called an accelerating immer- 
sion lens or cathode lens. 

Two characteristic ray paths describe the focusing ac- 
tion of the LEEM objective. Imaging rays a leave the sur- 
face from a single point at arbitrary angles. In the absence 
of lens aberrations, they are all rcfocused at a conjugate 
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FIG. 2, Schemaiic diagram of an accelerating immersion lens showing 
beam energies and the paths of the pnncipie image and field limiting rays 
in the imagmg and iUummation optics. In a real system the imaging and 
illumination rays arc coaxial and occupy the space above the sample. 

image plane / above the lens, forming a spatially resolved 
image. Field rays y originate anywhere upon the sample, 
traveling in a specific direction (in this case parallel to the 
axis). They are refocused at a diffraction plane D near the 
exit of the objective lens, forming an angularly resolved 
image or diffraction pattern. An aperture placed at the 
diffraction plane limits the angular acceptance and collec- 
tion efficiency of the lens, while an aperture at the image 
plane limits its field of view. 

In the uniform electric field near the sample surface, 
slow-moving electrons gain axial momentum while con- 
serving their original radial momentum. They follow par- 
abolic trajectories a until they enter the nonuniform fields 
above the first accelerating anode. Here, electrons moving 
at high energy appear to radiate from a virtual object belovs 
the surface. The role of the inhomogeneous field region of 
the objective lens is to reconverge these rays into a magni- 
fied real image. Except for the accelerating region, a 
LEEM uses the same kind of electrostatic and magnetic 
lenses found in other electron microscopes. 

From Fig. 2, one can see that most of the refraction of 
LEEM image rays occurs very near the surface. The accel- 
erating region behave like a microlenslet, whose changing 
index of refraction coilimates the beam. When viewed in 
low voltage space at the surface, the objective appears to 
have a very short focal length, a large angular aperture, 
and relatively low aberrations. Thus a strong accelerating 
field makes possible the remarkably high resolution and 
collection efficiency of a LEEM operating at very low en- 
ergy. Since this is often not fully appreciated by electron 
microscopists familiar with TEM and SEMs that do not 
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use accelerating lenses, the dependence of resolution and 
aperture angle upon energy will he discussed in more de- 
tail. 

Dunng acceleration, the a ngle a at initial energy V 
decreases to angle ao= s^/yoa at exit energy Vq. (This is 
essentially Snell's law in the small angle approximation.) 
The focal length /o of the inhomogeneous field lens focus- 
ing the accelerated beam is comparable to the physical size 
of the lens, i.e., /o-0.5 cm. Viewed at low voltage V, the 
apparent focal lengt h of the entire objective scales with the 
ratio a^/a= ^^^F/To, so that a typical a ray focal length for 
r= 10 eV electrons is about 100 fim if V^^IO keV. The y 
rays are not deflected by the parallel field, so the magnifi- 
cation is independent of V/Vq. A typical objective aperture 
angle of ao::r2 mrad corresponds to about a = 89 mrad at 
low voltage. The collection efficiency for electrons emitted 
m a cosine distribution of n str is equal to a", and is an 
important measure of available image intensity. For this 
example, a'=0.79% at ao = 2 mrad, and 20% at ao= 10 
mrad, which is the typical range in which a LEEM oper- 
ates. 

Both the uniform accelerating field and the nonuni- 
form focusing fields introduce lens aberrations that blur the 
image when excessively large aperture angles are used. The 
most important aberration contributions to the diameter 6 
of a resolvable image element on the surface are chromatic 
aberration = Q a ^V/V and spherical aberration 5^ 
= CfL\ where A K is the energy spread in the image, C, and 
Q are aberration coefficients with units of length that scale 
with /o, and where a, and V are all referred to 

sample space. The aberration coefficients scale directly 
with the size of the region doing the focusing. In LEEM, 
chromatic aberration is usually dominant because AT/K is 
relatively large at low voltage. In addition, there is a fun- 
damental uncertainty principle or diffraction limited con- 
tnbution 5^=0 6 AT^/K'^^a, where wavelength 
A= K^/ ^ depends upon a constant 1.2x10" 
cm ^eV that is independent of energy. Since the diffraction 
contribution decreases with increasing angle, there is an 
optimum aperture angle, 

a;p^=o.6/:,K'/Vc^K, (1) 

that may be chosen to minimize resolution in a chro- 
matic limited objective lens.^ '^ This aperture angle may be 
reinserted into the quadrature sum of resolution contribu- 
tions to find the best possible resolution for an instrument 
operating at energy V: 

5opt=[109A:V''C^''AF'^2]^-3/4 (2) 

For a transmission or scanning electron microscope oper- 
ating at r=Ko = 20 keV, AK=0.5 eV, and C,:=C,=:/o 
= 0.5 cm. Eq. (2) predicts a resolution of 1.1 nm with a 
collection efficiency of ao = 0.004%. 

Suppose that one tries to reduce the energy of this 
instrument to K= 10 eV without using an accelerating lens, 
so that the beam passes through the entire objective at 10 
eV. It would be tempting to scale down the size of the 
entire lens, but this is not feasible due lo field of view and 
construction tolerance limitations, which also scale. C, and 



Cj remain approximately equal to the physical scale of the 
lens, defined here by /o Wiih decreasing energy, the reso- 
lution degrades with V~^^^ and the collection efficiency 
with F^'^^, resulting in a resolution of only 335 nm, at 
0 000 099c. Both resolution and image intensity would be 
unfavorable; a fact that led many microscopists to doubt 
that very low voltage imaging was practical. 

Fortunately for low voltage microscopy, there is a way 
to scale down aberrations without scaling down the size or 
field of view of the objective lens. Suppose that one retains 
the basic operating energy of the instrument at Fy = 20 
keV, but floats the sample at - 19.990 kV so that K= 10 
eV electrons are imaged. The electrons are accelerated 
away from the surface in a strong electric field F (V/cm), 
reaching energy eV^^ before entering the inhomogeneous 
field region of the objective lens. Now, the objective may be 
viewed as two separate lenses acting in series, Bauer has 
shown that the chromatic and spherical aberration coeffi- 
cients for a uniform accelerating field are C,= C^=V/F 
(cm) for electrons leaving at angle a with energy eV. To 
illustrate the scahng effect, assume very approximately that 
F=Fc//o=(40 kV/cm), so that C, = C,=/o( F/Kq). The 
aberrations of the accelerating region scale down with the 
voltage ratio V/Vq, to a magnitude of 2.5 in this ex- 
ample! 

The aberrations of the inhomogeneous field region of 
the objective lens also contnbute aberrations S^ = C,^o 
and <5,„ = Q^ AK/Kq, but they act upon the accelerated 
beam with angle ao= (V/Voy^^a. and energy eVo. For 
purposes of scaling, we will assume that C^=:Qo — ^/o» 
where for a well designed unipotential objective lens whose 
focus is outside its field, A: ranges from about 1 to 10. 
Combining the aberrations of both lens regions, it can be 
shown that the effective aberration coefficients in low volt- 
age space are [1 +^'r/Fo)'/'^/oK/ 

) [ij^k^y/y^y^^^ These aberrations are neariy equal to 
y/F when y< Vq. These approximate scaling arguments 
show that for low initial energies, the resolution of an ac- 
celerating immersion lens depends pnmarily upon the field 
strength at the surface instead of the details of the focusing 
region. If the focal length /o is seen as a scale factor deter- 
mining the magnification and field strength, then aberra- 
tions scale down with voltage ratio, and high resolution 
may be reached even at very low energy. 

Using Eqs. (1) and (2) and the approximation Q 
-Q- y/F, that IS valid in the limit of low energy, the 
following expressions estimate the resolution and collec- 
tion efficiency of a chromatic aberration limited LEEM 
objective lens: 

5op,==[i.o9 KY^^y^^^/F''^]y~''\ 

(3) 

aop<=:[0-6 K,F/Ay]y''''. 

Resolution degrades slowly with decreasing energy, and 
collection efficiency becomes more favorable, to the point 
where a substantial fraction of low energy emitted or scat- 
tered electrons are used to form images. 

These are the basic equations for estimating the ulti- 
mate resolution of a simple LEEM. It should be pointed 
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out than when energy filtering is used to suppress chro- 
matic aberration, even higher resolution is possible with 
little sacrifice of collection efficiency.*^ Similarly, when 
lower resolution can be tolerated, aperture angle may also 
be optimized for much higher collection efficiency. Thus 
Refs. 2 and 19 give somewhat different results. Reference 
20 gives optimized examples for some real lenses. 

In Eq. (.3), the resolution degrades slowly with K"'^* 
instead of V'^^* in the nonaccclerating case. The collection 
efficiency actually increases with At the very low 

energies used in photoemission microscopy, almost all 
emitted electrons are actually used to form the image. For 
the 10-eV example above, the resolution and collection ef- 
ficiency are 7.5 nm and 0,18%. respectively, and low volt- 
age imaging is much more favorable than in the nonacccl- 
erating case. The electric field strength that can be 
tolerated by the sample surface usually sets the limits for 
LEEM electron optical performance. The choice of final 
accelerating energy Vq is less important. An accelerating 
immersion objective lens with a high field at the surface is 
a characteristic feature of a LEEM, and is necessary to 
exploit all LEEM contrast mechanisms. 

Low energy is often necessary for selective imaging of 
surfaces. The mean free path of a 10-eV electron in a typ- 
ical solid is less than 2 nm. Visible light illumination yields 
photoelectrons whose energy cannot exceed about 2 eV. 
Characteristic x-ray and Auger peaks are usually in the 
50-1000-eV range, while diffuse secondary emission peaks 
in the 5-2Q-eV range, regardless of illumination energy. 
Diffraction and interference effects are strongest when the 
electron wavelength is comparable to atomic dimensions 
and crystal lattice spacings, usually around 5-10 eV. At 
low energy, the cross section for the scattering of illumi- 
nation electrons increases, allowing high contrast and in- 
tensity in images. Secondary emission cross sections peak 
at incident energies below 1000 eV. and elastic backscattcr- 
ing becomes the dominant electron scattering mechanism 
below about 20 eV.-* Scattered intensities can exceed 50% 
in low-energy reflection and are 100% for mirror micros- 
copy. Thus low voltage imaging offers contrast mecha- 
nisms that are often inaccessible or much less favorable in 
high voltage microscopes. 

Various photon, x-ray. ion and molecular beams can 
illuminate the surface from the side of a conical objective 
lens face. When uncharged, their energies and paths are 
not influenced by the accelerating field that extracts image 
electrons. Electron beam illumination enters the objective 
lens coaxially from above, traveling in the direction oppo- 
site that of the image beam. For clarity, Fig. 2 shows the 
path of illumination electrons in dotted lines below, as 
though the optics were a mirror image. As well as allowing 
ray paths to be seen clearly, this figure emphasizes the 
similarity of the optics to that of a transmission electron 
microscope with a prefield condensor/objective lens. Illu- 
mination electrons originate from a cathode that is usually 
biased somewhat negative with respect to the sample, so 
that they can strike the surface at an energy eV, equal to or 
greater than the initial image energy eV. If electrons scatter 
inelastically, i.e.. lose energy before reemerging from the 



surface, then they form an image that contains a spectrum 
of energies ranging ifom zero up to the illumination en- 
ergy. Inelastic imaging modes require an energy filter to 
select an energy band suitable for high-resolution im- 
aging. If electrons scatter elastically, they leave the surface 
in a narrow energy band whose energy is equal to the 
illumination energy and whose width is equal to the energy 
spread of the electron source. Generally, higher illumina- 
tion energy tends to favor inelastic scattering, while lower 
energy favors elastic reflection. Below about 20 eV, an en- 
ergy filter is not required to separate out inelastic scatter- 
ing." but a filter is necessary to exploit the full range of 
available contrast mechanisms. 

As shown by the ay and y, characteristic rays in the 
illumination optics, the angular spread depends upon the 
size of the electron source image at plane The source 
shown is actually an image of the electron gun crossover 
projected to plane Z>, by the rest of the illumination optics. 
By continuing rays through the surface, one can see that 
the objective lens forms another image of the source cross- 
over at the image diffraction plane Z). Thus diffraction and 
elastic reflection imaging, that depend upon angular reso- 
lution for contrast, require a small demagnificd source im- 
age to provide parallel (coherent) illumination at the sam- 
ple surface. Contrast mechanisms that use inelastically 
scattered secondary electrons may use a much larger 
source, because the angle of reemission docs not depend 
strongly upon illumination angle This allows more elec- 
trons to illuminate each point upon the sample. By con- 
trolling the energy and angular spread of electron illumi- 
nation, different contrast mechanisms may be selected. 

The imaging optics are located off the page above the 
objective shown in Fig. 2. They may be focused to view 
either the image plane / or the diffraction plane D. For 
direct imaging, an aperture is placed at the diffraction 
plane or at an equivalent plane further downstream. This 
limits the angular acceptance a and the collection effi- 
ciency according to the discussion of resolution above. 
Up to the limit of resolution, larger apertures allow struc- 
ture with smaller periodicities to be observed, because the 
diffraction plane is a section of reciprocal lattice space, i.e., 
the Fourier transform of the original wave function at the 
sample surface. If different areas on the sample generate 
different angular distributions, for example due to diffrac- 
tion or topography, then an objective aperture produces 
contrast even if the total scattering is uniform. 

B. Contrast mechanisms 

Figure 3 schematically summarizes some of the con- 
trast mechanisms used in LEEM. References 3. 4. and 21 
are particularly useful for review of the same basic mech- 
anisms from different viewpoints. These contrast mecha- 
nisms are often very specific to the type of sample, as well 
as the type, energy, and coherence of illumination, the ap- 
erturing and image focus, the imagmg energy band, and 
the image processing techniques. In a LEEM. all of these 
parameters may be made available to the electron micros- 
copist. 



5518 R«v. Sci. Inttrum^ Vol 63. No. 12, December 1992 



Electron microscopy 



551S 



d. SECONDARY 



e. AUGER 



f. MIRROR 






h. DIFFRACTION 



j. DARK FIELD 



— 





j. FRESNEL 



k, INTERFERENCE 




I. SPLEEM 



RG. 3 Some of the contrmst mechanisms that arc or could be used in LEEM. 



The simplest contrast mode is thermionic emission 
[Fig. 3(a)l. where the sample is heated to where electrons 
can overcome the thcnnionic work function barrier. The 
image is a work function map that depends upon the ma- 
lenals, their lattice plane orientations, and their coverage 
of evaporated or adsorbed matenal.'* The range of useful 
samples is limited by vapor pressures and melting points. 

Photoemission microscopy [(PEEM) or PEM, Fig. 
3(b)] IS obtained usmg the ultraviolet light illummation 
from the side. Electron emission is obtained when the pho- 
ton energy exceeds the threshold for photoclectnc emis- 
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sion, so contrast depends upon both illumination wave- 
length, material, orientation, and work function. 
Emission thresholds can be very specific to surface chem- 
istry, so this mode typically gives high contrast for suiubly 
matched sources and samples. Sometimes emission is en- 
hanced by coating or chemical labeling using low work 
function materials." Since both illumination and evapo- 
rated coatings come from the side, topography creates 
shadows that allow three-dimensional visualization. Figure 
4 shows a good example of PEEM applied to biological 
research.' 



Electron microtcopy 



5519 





PEEM - CYTOSKELETAL MICROTUBULES 



FIG. 4 Phoiocmission micrograph illustrating ihc use of immunogold labeling of microtubules in a cyloskcietal preparation of Swiss 3T3 mouw 
fibroblast. The low magnification image covers about 1 /3 of the cell, showing cytoplasmic space extending outward from the nucleus to the cell boundary 
The labeling matenal selectively bonds to the microtublcs, which stand out against unlabeled material, These micrographs demonstrate that topograph 
ical and material contrast mechanisms may be used simultaneously to provide information about the distnbution of specific subcellular structures Images 
of DNA have also been obtained in this instrument. (Courtesy of Griffith (Ref 71 )). 



If higher energy soft x-rays are used for illumination, 
electrons are emitted into a broad energy spectrum that 
contains both diffuse background and characteristic peaks 
that depend upon the x-ray ionization cross section for 
inner shell electrons. '^ "'^^ Energies of interest range from 
about 50 to 1000 eV, and are selected by considering both 
peak intensity and peak/background ratios. Using an im- 
aging energy analyzer, it should be possible to form an 
image from characteristic emissions only, by subtracting an 
image taken at an adjacent energy from one taken at the 
peak energy. This mode would be called XPEEM or "Mi- 
croESCA" [Fig. 3(c)]. Due to the very low quantum yield 
of characteristic emissions, realization of these images 
must wait for focused, monochromated x rays denved 
from intense synchrotron sources. '^^^ 

Using a biased electron gun, electron illummation in 
the 100-2000-eV range produces secondary emission in the 
5-20-eV range. This secondary electron contrast [Fig. 
3(d)] is equivalent to that used in the SEM. At higher 
illumination energy, secondary rather than backscatter 
emissions dominate, and contrast derives from the second- 
ary emission coefficient of the 1-3-nm layer from which 
secondaries escape. Topographic contrast is enhanced by 
locally steep inclinations of the surface, where more sec- 
ondaries escape. The diffuse emission spectrum would re- 
quire an imaging energy analyzer to suppress chromatic 
aberration, but given this, spatial and temporal resolution 
of topography on relatively flat samples could be excellent. 
The information gained in this mode is expected to be 
important for sample navigation, instrumental setup, etc.. 



where the final goal is to see much less intense images using 
other inelastic modes. This mode has been demonstrated 
in a very preliminary way during an evaluation of LEEM 
for observation of semiconductor wafers and masks. 

Higher energy electron beam illumination also excites 
characteristic Auger electrons that carry information 
about inner shell energy levels. Both Auger and x-ray emis- 
sions are now used in SEM instruments to map elemental 
distributions. Direct imaging Auger microscopy [Fig 
3(e)] would use characteristic Auger peaks in the 50- 
10(X)-eV range, employing the same energy analyzer and 
image processing techniques described for XPEEM. These 
two possibilities share the same goal, but are complemen- 
tary in many respects. X ray and Auger scattering cross 
sections and signal/background ratios vary widely from 
element to element. Low contrast will be a challenge to 
both modes.''*" Illummation requirements for Auger im- 
aging should be much simpler and less expensive to meet, 
and analysis of data can draw from well established scan- 
ning Auger microscopy (SAM) methods. Auger and 
XPEEM contrast modes are two possibilities for **spcctro- 
scopic LEEM," which will undoubtedly be the subject of 
future work. 

Spectroscopic LEEM offers some fundamental advan- 
tages over scanning alternatives.'** The useful range of spa- 
tial and temporal resolution in a magnified image ulti- 
mately depends upon contrast and image statistics, 
specifically upon the square root of the number of useful 
electrons per image element that can be collected during a 
reasonable exposure time. This number is the product of 
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:hrec factors: illumination dose (number/pixel), useful 
quantum yield (signal/background contrast X quantum 
,ieid/str eV), and collection efficiency of the objective lens 
.nd energy analyzer optics (str eV). Although the collec- 
;ion efficiency of a LEEM (typically 0.1%-10% depending 
apon resolution) is lower than scanning detector/analyzers 
.typically 10%), the LEEM can deliver a much higher 
jose using an electron gun or x-ray source of limited 
Dnghtness. This is because many pixels may be illuminated 
Mmultaneously. Balancing these two considerations, 
LEEM may offer faster imaging, especially at high resolu- 
iton m fields containing many pixels.'** 

For some samples, the proximity effects ansing from 
scaitenng in adjacent pixels may be smaller using uniform 
liiuminalion instead of a scaning probe.^^ In SAM, contrast 
profiles are influenced by the penetration depth of higher 
energy illumination as well as the escape depth of second- 
ary and Auger electrons. For thin layers of chemical detail 
on a uniform substrate, this should not be the case in 
LEEM, because both incident and backscatter electrons 
passing through the surface are uniformly distributed. 

In addition, compansons of image statistics from dif- 
ferent instruments need to be made with specimen damage 
in mind. Damage depends upon the total dose as well as 
[he rate at which dose is delivered to each pixel. For some 
samples, damage may be expected to limit the practical 
resolution and sensitivity of both scanning and direct im- 
aging instruments. In summary, the relative ments of 
LEEM and SEM for chemical imaging will have to wait for 
expenmental evaluation. 

Turning to elastic scattering contrast mechanisms in 
ihe LEEM, several unique modes have been used very ef- 
j fectively. Wave optically, each surface atom may be 
' thought of as a generator of spherical Huygen's wavelets 
ihal preserve the phase of an incident plane wave. These 
wavelets recombine to form the object wave function at the 
surface. Proceeding upwards through the instrument, this 
wave function is modified by the lens optics. Using the 
imaging system, the square of the wave function (intensity 
dtstnbution) may be sampled at any point along its path, 
including near the surface or at the diffraction plane. With 
some modifications, the wave optical theory of TEM image 
formation (e.g., Ref 28) may be applied to LEEM. 

The simplest elastic contrast mechanism is mirror mi- 
croscopy [Fig. 3(f)], where the electron source is biased 
slightly positive with respect to the surface. Electrons can 
either approach very close to the surface before being re- 
flected, or if their energy is very low, they can be absorbed 
without scattenng. Contrast arises if the local potential 
distribution at the surface is distorted by topography or by 
local charge. These perturbations can focus, defied, or cap- 
ture electrons that would otherwise reflect back up through 
the apenure. Voltage and topographic contrast may be 
mixed together unless the surface is (respectively) abso- 
lutely conducting or absolutely flat. Excessively large to- 
pography can distort the lens actoin of the accelerating 
field itself, causing more complicated aberrations. Local 
field distortions can also deflect electrons leaving the sur- 
face with higher energy, causing topographic contrast that 
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can be confused with chemical or structure contrast. As a 
broad rule, a LEEM surface should be locally flat to within 
the expected lateral resolution, although rougher surfaces 
with lower spatial frequency arc tolerable. Surface physics 
samples usually appear to the eye as a mirror finish- Mirror 
microscopy has been used to explore topography and also 
magnetic domains, but it seems to be very difficult to 
uniquely interpret images. Nevertheless, mirror micros- 
copy might find practical applications in semiconductor 
inspection and testing. 

Low-energy electron diffraction [LEED, Fig. 3(g)] is 
an established technique that becomes particularly favor- 
able using a LEEM objective lens.^ Diffraction maxima in 
angular space occur when the periodicity^ of a crystalline 
surface, and the wavelength A= K^/ \V of a coherent 
beam, satisfy the diffraction condition sina = /iA/x. The 
objective lens accelerates the beam while converting the 
discreet angular distribution to a diffraction pattern at 
plane D in Fig. 2. As explained above, the accelerating field 
collimates the beam according to the ratio sin ao/sin a = 
^V/Vq. Since the wavelength is proportional to the 
diffraction condition in accelerated space is aQ=K;^/VQ 
and the position of diffraction spots in the diffraction plane 
is KJo/Vo^x. The initial energy K cancels out of the ex- 
pression, so the location of diffraction maxima on the dif- 
fraction plane depends only upon periodicity. The practical 
advantage is that a very wide range of wavelengths or en- 
ergies may be used conveniently. The angular resolution of 
the diffraction pattern is also favorable because of the rel- 
ative ease with which high coherence illumination and dif- 
fraction images may be manipulated in the high voltage 
optics outside the objective. Periodicities of up to 50 nm 
have been observed. The intensity of diffraction spots 
(V/I curves) depend strongly upon wavelength, and are 
used to probe details of reciprocal space in both LEED and 
LEEM instruments. Diffraction can occur only when the 
wavelength is shorter than the periodicity; a fact that can 
be used to create strong contrast images. A LEEM is a 
useful tool for LEED diffraction studies with or without 
resolvable image detail. Figure 5 shows examples of LEED 
at two different energies. 

Wave optical interference creates several important di- 
rect imaging contrast modes. By masking different parts of 
the diffraction pattern with the aperture, different period- 
icities are enhanced in the reconstructed image. This dif- 
fraction contrast [Fig. 3(h)] is usually formed by masking 
diffraction spots corresponding to periodicities smaller 
than the instrument can resolve, so that areas with stronger 
zero-order diffraction (reflection) appear brighter. The rel- 
ative intensity of diffracted spots from regions of different 
crystal structure is maximized by appropriate choice of 
initial voltage. The aperture may also be centered upon an 
off-axis diffraction spot while masking the central (0,0) 
beam, creating dark field contrast (Fig. 3(i)].^^ In either 
case, when the wavelength is chosen so that only the dif- 
fraction from larger periodicities or unit ceils is possible, 
contrast can be very strong. The Clausthai group has used 
this technique extensively to study the dynamics of surface 
phase reconstructions 



Electron microscopy 



5521 





82 eV 



4eV 



LEED - Si {111) (7 X 7) 

FIG. 5. LEED diffraction patterns from a 6-/im region on a { 11 1 } silicon 
crysul with (7x7) surface phase reconstruction. The 82-eV pattern 
shows the pnmary reflections due to the lattice periodicity as well as 
somewhat weaker spots due to the seven lower spatial frequencies in this 
surface phase. At 4 eV the Ewald sphere contracts, and the primary 
reflexes can no longer satisfy the Bragg condition, so only the inner part 
of the pattern is visible. This region is shown magnified on the right. 
Illustrating the angular resolution possible even at low energy. The tran- 
sition between the two energies requires only a change in sample bias, and 
a very small change in objective focus to keep the illumination parallel. 
(Courtesy of M. Mundschau.) 



In LEEM, wavelengths are comparable to atomic step 
heights. Fresnel diffraction effects, generated by interfer- 
ences between wavelets originating from opposite sides of 
monoatomic step may be viewed using a slight defocus. 
This phase or Fresnel diffraction contrast [Fig. 3(j)] has 
been used to study the dynamics of step motion and surface 
faceting, which play roles in epitaxial growth and surface 
catalysis. ^^'^^ Steps generate interference fringes that ex- 
tend laterally out to the coherence width of an illuminating 
wave packet, so when the goal is to resolve closely spaced 
steps, one may want to adjust coherence to only observe 
the first maxima and minima of the pattern. It has been 
shown that the coherence width of the illumination must 
exceed the resolution of the instrument to make the step 
visible.^* Step heights may be estimated by noting the de- 
pendence of contrast upon wavelength. Figures 6 and 7(a) 
show two examples of silicon surface images with both 
diffraction and phase contrast. 

If the surface is viewed as layers of reflecting mirrors 
made of regular atomic layers, then interference contrast 
[Fig. 3(k)J can arise between wave fronts reflected from 
different depths. As shown in Fig. 7(b), interference con- 
trast is sometimes visible in the early stages of epitaxial 
growth, allowing local variations of coverage to be ob- 
served.^ 

Magnetization domains may be selectively observed 
using spin-polarized electron illumination [SPLEEM Fig. 
3(1)]. Contrast arises from variations in backscatter cross 
section according to the relative alignment of surface mag- 
netization and illumination electron spin vectors. Other 
kinds of contrast are removed by subtracting two images 
taken with opposite illumination polarization.^^ 

To summarize the discussion of LEEM contrast, the 
selectivity between available mechanisms is based upon 
several things. First, the nature and state of the sample 
surface; its temperature, crystal linity, voltage, magnetism. 




DIFFRACTION AND TOPOGRAPHIC CONTRAST 
S {111) (7 « 7), (1x1) 
V £ 10 eV 5 tiin SQ. FIELD 

FIG. 6. An eumple of LEEM elastic reflection modes applied to the 
study of crystal surfaces. The two hillocks or pinning center defects arc 
caused by the suppression of sublimation and step migration by CoSi; 
crysuls. These are conical terraced formations with closely spaced steps 
that are not resolved. The topographic contrast is due to deflections in 
locally nonuniform fields, similar to mirror mode. On the surrounding flat 
areas, atomic steps form the boundaries for some of the triangular islands 
of (7 X 7) surface phase upon the Si{ 11 1 } (1x1) substrate, illustrating 
diffraction contrast. {Councsy of Bauer (Ref 72)) 

and coverage of foreign material. These allow or preclude 
various contrast mechanisms. Second, the choice of illumi- 
nation; the kind of particle, its energy or wavelength and 
coherence, all influence the contrast observed. Third, the 
imaging system; its focus and energy window are used to 
select contrast. The ability to vary both illumination and 
image energy over a wide range is particularly important. 
Lastly, the image processing algorithm; subtraction, filter- 
ing, enhancement, etc., allow different kinds of data to be 
selected a posteriori Illumination intensity and scattering 
yield determine the image statistics within each image cl- 
ement. This in turn determines the practical range of both 
spatial and temporal resolution associated with a given 
contrast mechanism. The goals of high-speed and high- 
resolution imaging almost always conflict, but the goal of 
the instrument design is always to maximize both. There is 
a wealth of complementary information available from 
low-energy electrons leaving a surface. This information 
may be extracted using an accelerating immersion objective 
lens. Different kinds of information may be selected by 
varying external bias, illumination, and imaging conditions 
without changing the geometry of the region occupied by 
the objective lens and sample. This suggests a very flexible 
instrument that will be discussed in the next section. 

III. THE LEEM INSTRUMENT 

A. C nfiguration and biasing 

LEEM has evolved as a series of specialized instru > 
ments, but it is not necessary to introduce it in the same 
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a. DIFFRACTION AND FRESNEL CONTRAST 
Si {111} (7 X 7), (1 X 1) 
V = 10 eV 6 um DIA. FIELD 



b. INTERFERENCE CONTRAST 
Mo {110} + Cu 
V = 4 eV 6 um DIA. HELD 
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FIG 7. (a) Shows diffraction contrast between bright areas of Si{in} (7x7) structure and dark areas of a metastablc (1x1) phase formed by 
quenching from 1400 K to room temperature. Fresnel contrast is visible at (he step boundary between terraces. The fainter hncs are domain boundaries 
between (7x7) islands, and arc believed to be generated by interference between the specular beam and a fractional order reflex that also passes through 
ihc aperture, (b) shows interference contrast between step terraces on Mo{llO}, whose coverage of evaporated copper vanes between 9 and II 
monolayers. Since the crystal structure is identical on all terraces, il is believed that contrast results from interference between reflections from the Cu 
surface and the Cu-Mo interface. A low energy of 4 eV is chosen to match wavelength with thickness, and to increase penetration, which increases when 
wavelength exceeds the lattice spacing. (Courtesy of M Mundschau. ) 
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way. Instead, this article will present the LEEM in a form 
(hat should allow all of the contrast mechanisms discussed 
above. This may or may not be a good way to build an 
instrument, but the description of such a hypothetical sys- 
tem serves to review the state of development of both its 
core components an its modular elements specific to dif- 
ferent applications. At the same time, future research op- 
portunities and technological needs may become clearer. It 
IS emphasized that only parts of this futuristic system ac- 
tually exist, but in most cases it seems likely that the miss- 
ing elements can be built and used effectively. For details of 
existing and planned systems, the reader is referred to Refs. 
3, 26, 37^3. 

Figure 8 is a schematic representation of a generalized 
LEEM. The core subsystems necessary to support all con- 
trast mechanisms include a vacuum chamber, a sample 
stage and transport system, an objective and additional 
magnifying lenses, and image detection, processing, and 
display systems. Specific specimen environments and con- 
trast modes are supported by other modules providing il- 
lumination, sample modification, and energy analysis. 

One possible high voltage biasing scheme is shown in 
the upper left. It is desirable to be able to independently 
vary the initial starting voltage V, the accelerating field 
strength proportional to Vf. — V, and the energy eV=eV^ 
-^eV of illumination electrons, while mamtaining a con- 
stant beam energy eVp, in the imaging optics. To do this, 
lower voltage supplies V, and Vy are floated with their 
grounds referred to supply Vqz: —20 keV. The first anode 
bias Vy is usually chosen to maximize field strength F, 
which is the most important parameter influencing resolu- 
tion and collection efficiency As explained in the discus- 
sion of Eq { 3 ) , the aberrations occurrmg after acceleration 



are usually not as important as those occurring dunng 
acceleration, so within limits the choice of Vq is less criti- 
ca\}^ Thus it seems desirable to choose a fixed value and 
then provide for independent adjustment of field strength 
to accommodate surfaces with different arcover tolerances. 
Changes in gun voltage and specimen bias are small com- 
pared to Fq, so the biasing scheme shown here allows the 
energtics at the sample to be adjusted without strongly 
influencing the focus or alignment of the imaging and en- 
ergy filter optics. 

In the middle of Fig. 8 is the beam separator that 
creates the Y- or T-shaped beam path characteristic of 
LEEMs that use coaxial electron beam illumination. Its 
purpose is to allow the electron illumination and imaging 
optics to occupy separate spaces, where they can manipu- 
late the two beams without interaction. A magnetic deflec- 
tion element is required here to deflect incoming and out- 
gomg electrons in opposite directions. A separator is not 
required for specialized PEEM, XPEEM, or LEED modes. 

Upon leaving the separator, the beam enters an inter- 
mediate lens system. As well as focusing upon either the 
magnified image or diffraction plane, this lens system con- 
trols magnification and sets up the optical conditions nec- 
essary for energy analysis. The complexity of this system 
depends upon the flexibility and magnification range re- 
quired. After leaving the intermediate system, the beam 
enters the energy filter, where electrons outside a narrow 
energy band are removed from the image. Tlie beam then 
enters a final projector lens, where the image is further 
magnified before striking the detector surface. 

The intensities of LEEM contrast modes vary widely, 
so an image intensifier is usually necessary. Ideally, elec- 
trons within each resolution element of the image are mul- 
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FIG. 8 Schematic diagram of a generalized LEEM showing functional subsystems and options for specific tasks Modules inside double lines are 
considered part of the core system or LEEM environment. The positions of important conjugate image and diffraction planes and apertures are shown 
along the beam path. 



tiplied by a uniform and adjustable gain factor, so that the 
statistics of the intensified image depend only upon quan- 
tum noise y^N associated with N electrons recorded in a 
detector resolution element during an exposure. The am- 
plified image may be directly photographed or viewed by a 
TV camera. Digitized video output is stored and processed 
either in real time or a posteriory after which it may be 
viewed on a monitor and stored on video tape or disk. 

Side mounted illumination and surface modification 
sources are shown to the left and nghl of the objective in 
Fig. 8. They are usually arrayed on a ring of flanges that 
view the surface at about 15". Since there are more possi- 
bilities than available sites, these sources are usually buih 
in an interchangeable, modular manner. Electron illumina- 
tion IS handled differently, because elastic imaging modes 
require a parallel, coaxial beam. In Fig. 8 the electron gun 
and the condenser lens system used to vary its intensity/ 
coherence are shown on the left. 

B. Electron optical configuration 

The individual lenses in the optical system may be elec- 
trostatic or magnetic. Except for the separator, the optical 
system bears a strong similarity to analytic transmission 
electron microscopes, e.g., Ref. 43. The key to understand- 
ing the optical system is to identify the location of conju- 



gate image and diffraction planes along the beam path 
These planes are where focused images of the sample or 
diffraction plane reappear along the optical path. They are 
identified by wavy lines for images, and by circles for dif- 
fraction planes. Their location and magnification with rc 
spect to apertures, the separator, and the energy analyzer 
are important. The lens elements manipulate the magnifi- 
cation between planes in such a way that when an image 
plane is magnified, its corresponding diffraction plane is 
demagnified. and the volume of the beam in position/ 
lateral momentum phase space is conserved. 

The location of the conjugate image and diffraction 
planes shown in Fig. 8 should remain at the same place 
regardless of image magnification. Within condenser, inter 
mediate, and projector lens groups, there may be other 
conjugate planes that move around, but for reasons to be 
explained, the planes shown should remain fixed when fo 
cused on the surface. When viewing the diffraction plane, 
the role of image and diffraction planes following the in- 
termediate lenses are reversed, so that the diffraction pat 
tern is magnified onto the screen. This situation is shown 
by doited lines. For scanning LEEM. and for imaging 
LEEM that requires very intense incoherent illumination, 
it may also be desirable to form an image of the source on 
the sample. In this case the roles of image and diffraction 
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planes m the condenser lens optics arc also reversed. 

The details of the ray optics will be left to TEM and 
LEEM references.^ but it is important to mention several 
aspects that are unique to LEEM. First, it is necessary to 
place the image from the objective lens at the center of the 
separator system. This is an achromatic point, where the 
spread in image energy and small fluctuations in separator 
field do not degrade the image resolution in spite of its 
large deflection angle.*' The same situation applies in the 
energy analyzer, where any other location of the image 
plane would cause dispersion in the flnal image. It can also 
be shown that this minimizes aberrations such as distor- 
' non, astigmatism, and coma.'** The basic reason is that 
j here, rays that converge to form an image point are anti- 
symmetric, and close together as they pass through the 
inhomogeneous fields at the fringe of the separator magnet. 

Second, the separator and energy analyzer elements 
necessarily act as lenses as well as deflectors. The separator 
shown in Fig. 8 acts as a lens to transfer the image of the 
objective lens diff*raction plane to a plane in front of the 
intermediate lens optics. The focal length of the separator 
field is closely coupled with its deflection angle,*' and can- 
not be varied without shifting the system's optical axis. 
Since the location of the objective lens diffraction plane is 
fixed, so are the locations of the conjugate illumination and 
j image diffraction planes beyond the separator. By symme- 
try arguments, it has been shown that the optimum mag- 
nification of such prism optics is 1:1, allowing cancellation 
of certain distortion and coma effects.** Similar arguments 
apply to the energy analyzer, which is why the analyzer slit 
and its conjugate diffraction plane upstream are also fixed. 
One can see that the condenser and intermediate lens sys- 
tems are ideally zoom lens combinations that can vary 
magnification without changing the locations of either dif- 
fraction or image planes. This is why modem LEEM and 
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have many lenses whose interactions are 



not immediately obvious. 

The optimum placement of the apertures in a LEEM is 
a matter for continuing thought. In a TEM, the contrast 
aperture is located at the diffraction plane just outside the 
objective lens, because elsewhere its conjugate images are 
too small. If the contrast aperture in a LEEM is similarly 
located, it can interfere with incoming illumination, mak- 
ing It very difficult to find and align the beam, and also 
making it complicated to admit the illuminating beam 
while using off-axis diffraction spots for dark field imaging. 
It can also unnecessarily limit illumination intensity for 
inelastic imaging by artificially limiting the size of the 
source image shown in Fig. 2. Another option is to use 
separate gun and contrast apertures at conjugate planes 
ilxmagnified) outside the separator. Similar consider- 
ations also apply to field limiting apertures used for defin- 
ing the illumination disk and the area viewed in selected 
area diffraction. In Fig. 8, these are shown at the fixed 
image planes within the separator. 

Lastly, one might think that it would be very difficult 
to steer the beam through this noncoaxial optical system. 
While this can be true, proper placement of conjugate 
planes, apertures, and alignment deflectors ease the task. 
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FIG 9. Some possible objective lens configurations that have been used or 
proposed for LEEM. Regardless of lens configuration the most important 
parameter is the field strength at the sample surface. This is controlled by 
the workmg distance and the potential difference between the surface and 
anode facing it. In all cases except a. the field strength may be adjusted 
according to the tolerance of individual samples, without changing the 
final beam energy. Cases b and t do not require changes in working 
distance. 



The combination of the separator prism and properly fo- 
cused objective lens has an important property that can be 
seen in Figs. 2 or 8. Elastic electrons are reflected in the 
objective, as though it were an inverting mirror. Electrons 
entering along a given illumination path emerge along an 
image path that is an extension of this path, even when the 
beam is not aimed at the exact center of the objective lens. 
Since the net transfer through the separator/objective is 
achromatic, it is much easier to find the beam. Further 
study of the theoretical and practical characteristics of the 
overall optical arrangement will make the optical system 
easier to use. Analogies drawn from TEM experience are 
useful, and often suggest improvements as well as new im- 
aging modes."** One might notice that Fig. 8 could be re- 
configured as a TEM by replacing the separator by a con- 
ventional condensor objective lens. Several combined 
instruments have been conceptualized.^'*'*^'** 

C. Objective lens configurations 

Turning to the technology of individual elements, the 
various objective lens configurations shown in Fig. 9 have 
been used. Each has an accelerating and focusing region, 
although they are sometimes supenmposed. The electro- 
static triode [Fig. 9(a)]'* is the simplest, but it is difficult to 
obtain maximum field at the surface because even higher 
field strengths are required inside to have convergent lens 
action. An electrostatic tetrode [Fig, 9(b)] ^*^** allows inde- 
pendent adjustment of field strength and focusing, partic- 
ularly when the first anode is not grounded. The floating 
sample may also be placed in front of a conventional mag- 
netic lens [Fig. 9(c)],^ or a single-pole snorkle lens [Fig. 
9(d)].^' In these configurations, the field strength may be 
varied by moving the sample axially. A magnetic lens with 
an electrostatically floating pole piece [Fig. 9(e)]^° allows 
independent adjustment similar to 9(b). 

Reference 20 (see also Fig. 10) compares the perfor- 
mance of several LEEM objective lens designs against that 
of a uniform accelerating field. This uniform field is used as 
a datum representing the best possible situation, indepen- 
dent of final beam voltage and the details of the lens ge- 
ometry. The most important conclusion is that at low ini- 
tial voltages, a high field strength is much more important 
than either the type of lens or the final voltage. This allows 
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FIG. 10. Computer computations of the ultimate resolution of an clcc- 
trasUtic tetrode and floating pole piece magnetic triode vs initial energy 
and energy spread at a field strength of 100 kV/cm and finaJ energy of 20 
kcV. The lowest curve shows the rcsoiution of the uniform electric field 
portion of the beam path with AK=0, i.e.. when it is only limited by 
spherical aberration. The details of the lens configuration become more 
important at higher initial energies, but both lenses would be attractive. 
The same compuutions accurately predict the resolution of actual instru- 
ments using an electrostatic triode. (From Rcf. 20). 



considerable flexibility to accommodate other practical 
concerns. Due to somewhat lower aberrations in the post- 
acceleration region, magnetic lenses become more attrac- 
tive at the higher initial energies important for spectro- 
scopic LEEM» but the electrostatic tetrode seems equally 
attractive for PEEM and low-energy reflection modes. Fig- 
ure 10 compares the predicted resolution of an electrostatic 
tetrode [9(b)] and floating pole piece magnetic triode 
[9(c)] when operating at Kg — 20 kV with a realistic field 
strength of 100 kV/cm. Several values of energy spread A V 
are shown are compared with a uniform field at AK=0 
that is limited by spherical aberration and diffraction. En- 
ergy filtering considerably improves resolution, and within 
limits, does not degrade collection efficiency because the 
filter attenuation is compensated by increasing optimum 
aperture angle [Eq. (3)]. While today^s instruments resolve 
10-15 nm, 3-5 nm seems to be a realistic goal for the near 
future. 

Correction of both spherical and chromatic aberration 
would further improve resolution, and even more impor- 
tant, would dramatically increase collection eflficiency and 
reduce dose requirements. In LEEM, several workers have 
considered the possibility of correctors, applied in conjunc- 
tion with the separator optics following the objective 
lens.^^^**^^" For example, Rempfer has studied the prop- 
erties of a hyperbolic mirror placed near an intermediate 
image of the diffraction plane within the magnetic separa- 
tor optics. The mirror changes the shape of aberrated wave 
fronts by introducing negative spherical and chromatic ab- 
erration coefficients that can be independently ad- 
justed.'***" Conditions in the LEEM seem to favor this kind 
of correction because relatively low accelerated beam en- 
ergies are possible, and because sophisticated achromatic, 
stigmatic prism optics are a necessary part of the optics 
with or without correction. It would be particularly excit- 



D. The beam s parat r 

The task of the beam separator is somewhat complex, 
especially when both elastic and inelastic modes are used. 
Figure 8 shows that the separator must mainUin the align- 
ment of all three beam axes even when illumination and 
image beam energies differ. The deflection angle of the two 
legs must be independently adjustable, and their axes of 
deflection must lie very accurately at the intersection of the 
three optical axes. In addition, both image and diffraction 
planes must be faithfully transferred between conjugate 
planes in the illumination system, through the objective, 
and then to the intermediate lenses. This is diflicult because 
the focusing action of highly asymmetric magnetic deflec- 
tors tends to be very different in the plane of deflection and 
in the plane perpendicular to it. This can cause both astig- 
matism and distortion. Since no deflection prism can be 
free of focusing in both directions, designs strive for equal 
focusing. What is needed is a separator that behaves like a 
pair of axially symmetric lenses with curved axes. 

Early designs used strong cylindrical lenses (quadru- 
poles) at the entrance and exit of a single magnetic prism. 
This can cause large distortions even when the net focusing 
is free of astigmatism. In a single prism, one cannot obtain 
the same bending radius for two different beam energies, so 
the arrangement is also unsuitable for inelastic imaging 
One new solution for stigmatic elastic imaging uses a cy- 
lindrical electrostatic fringing field to correct asymme- 
tries.^ Another concept uses three separate prisms with 
intervening relay lenses.^' Benefiting from matrix transfer 
theory /^'^ and symmetry principles developed by Rose for 
TEM energy analyzers," the concept of a "close packed 
prism array" has also been developed and tested.^**** In 
this design, different elements in an array of pole pieces 
may be excited separately, allowing different energies in the 
two legs of the beam path. Astigmatism and distortion at 
all conjugate planes arc nearly eliminated by tuning the 
excitation ratios of inner pole pieces. Reference 48 shows 
the configuration and first-order properties of several de- 
signs. 

E. Additional lenses 

The theory and construction of the condenser, inter 
mediate, and projector lens elements are similar to their 
TEM counterparts, except that surface physics applica- 
tions usually require bakable ultrahigh vacuum construc- 
tion. The goal is zoom lens action while maintaining the 
position and alignment at conjugate planes along the beam 
path. The key to reaching this goal is careful attention to 
mechanical and electromagnetic alignment using appropri- 
ate construction techniques, materials, annealing, and 
magnetic shielding.^' Computerized control of supply elec- 
tronics to store and recall focus and alignment setups is 
almost a necessity. 

The concentricity and parallelism of lens elements 
should be less than about 5 ^m in the objective lens, and 20 
fim in other lenses. Alignment requirements vary along the 
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beam path, but a good rule is that the beam should be 
aligned within each lens to about 10% of its diameter, so 
that the image breathes when its focus is varied. This re- 
quires a system of alignment deflectors within each lens 
gap, to assure alignment of the following lens. Alignment 
supplies require about 1:10* stabihty. Lens and high volt- 
age supply stabilities need to correspond with the analyzer 
and source energy spread divided by the supply voltage, so 
that 1:10^-2:10*' specifications are typical. In transmission 
microscopy, magnetic electron lenses are favored because 
they are more compatible with the high-energy beams nec- 
essary for resolution. The UHV construction and relatively 
low-energy beam of a LEEM both justify another look at 
the question of magnetic versus electrostatic lenses. 
The choice may be dominated by practical rather than 
theoretical issues, and both kinds of lenses have been used 
successfully in LEEMs. Construction of bakeable UHV op- 
tics with magnetic lenses is made relatively simple by the 
use of absolutely nonmagnetic metal liner tubes passing 
through lens bores. Feedthroughs, connectors, magnetic 
siigmator/deflectors, and aperture adjustments can be out- 
side the vacuum, and optical elements may be supenm- 
posed to minimize path lengths. ^^'^^ However, magnetic 
lenses cause image rotation, and can generate stray lateral 
fields that complicate alignment. Electrostatic lenses may 
be fabncated very accurately, and are free of rotation and 
stray fields. This may allow better inherent alignment of 
multilens zoom modules. They may also be biased arbi- 
trarily with respect to ground potential, allowing flexibility 
in the sample and optics high voltage design.^^'*' The ques- 
tion of electrostatic versus magnetic lenses is a systemic 
issue without a simple answer 

F. The energy analyzer 

The energy analyzer element is necessary for spectro- 
scopic LEEM and desirable for all high-resolution modes, 
its task is to filter out electrons outside a narrow energy 
band without otherwise influencing the aperture angle or 
field of view. TEM and LEEM literature contains several 
viable designs using electrostatic, magnetic, or combined 
deflections.^** The general configuration is shown 
in Fig. 8, where an analyzer slit blocks off" unwanted por- 
tions of the beam at a conjugate diff'raction plane. Since 
electrons of difienng energy are deflected with different 
radii of curvature, only those within a band defined by the 
slit continue into the projector lens. The design problem is 
to obtain the desired energy resolution while transmitting 
an image with a sufficiently large number of resolved image 
elements. This is somewhat easier in a LEEM, because the 
dispersion (proportional to ^V/Vq) is larger when Kq is 
smaller. 

Either magnetic or electrostatic deflection may be used 
for analysis of full field images. When the image and dif- 
fraction planes are properly placed, second-order coma ab- 
errations usually limit the field size. The appropriate qual- 
ity catena is the ratio of dispersion to aberration, which 
becomes more favorable at lower beam energy. One design 
exploits this by decelerating the beam first, using axially 
symmetric elements, before applying electrostatic deflec- 



tion.^^ Due to the lower accelerating voltages used in 
LEEM, it is possible that analyzer designs will differ from 
those used in TEM."'^^ 

One might wonder why the separator in Fig. 8 is not 
used as an energy analyzer. This is possible for very course 
analysis, but the dispersion of a reasonably sized magnetic 
separator displaces the image of the diffraction plane by 
only a few microns per eV of energy spread. The physical 
diameter la^f^ of the beam at the objective diffraction 
plane, and at its 1:1 image after the separator is 20-50 /xm, 
so a slit placed there would artificially limit the aperture 
angle. In general, it is necessary to demagmfy the diffrac- 
tion plane image in the intermediate system before energy 
analysis. Principles for optically matching the system for 
optimum analyzer performance are discussed in Ref. 26. 

G. Illumination systems 

Both thermionic and thermal assisted field emission 
electron sources have been used in LEEM. The coherence, 
the total electron current, and the energy spread are all 
important if the same gun is to be used for elastic and weak 
inelastic imaging modes. The task of the condenser lens 
optics is to match the physical size of the emitting area lo 
the desired size of the source image at the diffraction plane 
of the objective lens. Higher condenser demagnification 
gives more coherent parallel illumination with less inten- 
sity. A small source simplifies the condenser system by 
avoiding a demagnifying lens, but at least two lenses are 
needed if a wide range of illumination intensity/coherence 
is to be available for different contrast modes. A thermi- 
onic Lanthanum Hexaboride cathode has proven suflftcient 
for critical diffraction and phase contrast applications,^^ 
and also offers high current for analytical microscopy and 
long lifetime in a UHV environment. The field emission 
sources used in scanning microscopes and high-resolution 
TEMs do not seem to offer an advantage for the LEEM 
modes discussed here, but they could prove desirable for 
future holographic applications. 

Illumination conditions at the surface may be directly 
related to the brightness and energy spread of the cathode, 
since optical systems conserve these quantities. Electrons 
leave the surface of a thermionic cathode in a cosine dis- 
tribution, with an energy spread of about 0,5 eV and a 
current density of 7^=1-10 A/cm^ In the illumination 
optics, the brightness per eV of energy is conserved, so the 
current density at the surface may be estimated from the 
relationship y=y^K^-/AK, where a, is the angular spread 
and Vi is the voltage of the illumination for the contrast 
mechanism being used. For elastic imaging using LEED, 
diffraction or Fresnel contrast, illumination angles must be 
smaller than the angular aperture used for imaging, and 
current densities of 0.01-0.1 A/cm^ are typical. For inelas- 
tic imaging where illumination angle and energy spread are 
not constrained, 10-100 A/cm" are possible.'' 

Photoemission microscopes use UV lamps with reflec- 
tive or low loss refractive optics. Deep UV lamps, excimer 
lasers, and synchrotrons are all used in lithography to gen- 
erated more intense, higher energy photon illumination. 
They should become more accessible for LEEM applica- 
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tions. For spectroscopy, it is desirable for wavelength to be 
adjustable and monochromatic to optimize signal to back- 
ground ratio. The useful flux density from these sources 
depends not only upon their inherent brightness, but also 
upon the efficiency of lenses, mirrors, and monochromators 
used to project illumination into the LEEM, so future in- 
struments will undoubtedly favor wide angle elements lo- 
cated as close to the sample as possible. 

H. Image Intensifiers 

The image intcnsificr is an essential part of the LEEM 
instrument because intensity varies strongly with the type 
and coherence of illumination, and the scattering yield for 
various contrast modes varies over many orders of magni- 
tude. At the final image plane, current in each image ele- 
ment can vary from nanoampcres to a few electrons/s. 
Frequently small changes in initial energy, aperturing, and 
illumination produce large excursions, so a wide sensitivity 
range with automatic adjustment is helpful. Quantitative 
diffraction and spectroscopy techniques will require a wide 
and linear dynamic range to accurately record both large 
contrasts and small differences between image elements. 
The detector surface and intensifier optics should combine 
these properties and also resist damage. 

There are two basic detector configurations now used 
in LEEM. In one design, the image falls upon a phosphor 
screen, whose light output is coupled outside the vacuum 
through a fiber optics window to an image intensifier and 
then to a TV camera.^* Amplification within the sensitivity 
range of the intcnsifier/camera combination is electroni- 
cally adjustable. The other design uses a microchannel 
plate (MCP) within the vacuum. In an MCP, secondary 
electrons generated at the cathode surface are amplified 
inside biased microscopic tubes, and then reaccelerated be- 
fore striking a phosphor screen that is viewed by a TV 
camera outside the vacuum.'^ 

There is room for improvement in both these arrange- 
ments. The key to good image statistics is to utilize every 
available electron and to amplify it with uniform quantum 
gain.^* Phosphor screens degrade the detection quantum 
efficiency because individual grains have variable light out- 
put. MCPs suffer from a low ( < 1 ) quantum yield of sec- 
ondary electrons when used directly in a high voltage 
beam. The sensitivity range of both arrangements is limited 
on the high end by saturation and damage effects, and on 
the low end by thermal noise. 

The special requirements of LEEM have generated 
other suggestions. The DQE of the detector surface can be 
improved by using YAG or YAP grainiess inorganic scin- 
tillator disks'** that are both fast and damage resistant. The 
sensitivity range may be extended by extracting the light 
output through a fast, light optical lens that projects a 
magnified image onto the photocathode of a MCP or other 
intensifier. These optics allow aperturing to attenuate the 
image intensity and protect against over exposure. Crossed 
polarizers with fiber optics coupling might be another al- 
ternative. The silicon intensified target used in TV cameras 
in another alternative, where amplification is obtained by 
electron hole pair production within a solid-state detector. 



In principle, these signals could be captured by a CCD 
array on the other side of the target. These and other tech 
nologies need to be investigated if all contrast modes are to 
be fully exploited. 

I. Imag pr c ssing syst m 

Some of the roles of the digital image processing sys- 
tem have already been discussed. Applications include av- 
eraging, contrast enhancement, edge enhancement, real 
time image subtraction, Fourier analysis, and false color 
coding. Processed output can also be useful to control au- 
tomatic focus, stigmation, and alignment roiitines, and can 
be used to quantify image resolution and contrast. Suitable 
systems are in use throughout microscopy. They are be- 
coming faster and cheaper, and will soon be extended to 
high definition fields. 

J. Vacuum and specimen manipulation 

Surface imaging instruments that are sensitive to sub- 
monolayer coverages require ultrahigh vacuum. They gen- 
erally look more like vacuum chambers than micro- 
scopes. Sample preparation, manipulation, and 
exchange create engineering challenges. In many cases, it 
would be desirable to prepare and evaluate samples exter- 
nally to save instrument time for critical observations 
Progress has been made by introducing a multistage air- 
lock and a specimen cartridge that can be preoutgassed and 
sputtered in an intermediate chamber. In-vacuum trans- 
fer from epitaxy and LEED instruments has been sug- 
gested, and the advantages of a complementary scanning 
tunneling microscope observation station have also been 
recognized. 

Specimen motion and vibration control are another 
challenge made more complicated by the need for UHV 
and high voltage at the sample. In one instrument/^ the 
specimen cartridge is mounted directly upon a multipin 
high voltage feedthrough with sliding contacts to engage 
the cartridge. Besides providing electron bombardment 
heating, thermocouple temperature monitoring, and lens 
bias connections, this arrangement allows reproducible lo- 
cation of the cartridge with rigid frictional coupling. This 
insulator is mounted upon a cantilevered bellows which is 
manipulated in X,Y,Z and tilt axes by an external stage 
The assembly is stabilized by weak frictional coupling to 
the objective lens, which is vital for eliminating relative 
vibrational motion. In the mechanical design, it is desirable 
to use very rigid structures with frictional movements that 
discourage vibration but allow reasonably fine motions 
Stability requirements are comparable to the resolution 
Motions smaller than about 0.5 /im may be done by image 
deflection rather than mechanical control. 

For critical surface physics applications, UHV in the 
low 10" '° Torr range is necessary. Ion pumps provide an 
adequate base vacuum after 200 °C bakeout. but a sublima- 
tion pump greatly improves vacuum dynamics. Usualh 
evaporators, sputter guns, and other accessories derivr 
from similar surface physics equipment. Since high tern 
peraturcs are used during both preparation and observa 
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Dtion, the cleanliness and punty of cartridge materials are 
h-paniculady cntical. This module should be fully ouigassed 
tobefore introduction into the system. 

Used together or in various combinations, the elements 
discussed above make up a LEEM system. Each element is 
supported by electronic supplies and a control network. 
Ideally the control system is computenzed to provide semi- 
automatic setup and recall of imaging modes, and to allow 
automated expenments requiring dynamic adjustments or 
a senes of different setups.^^**' 

or 
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IV. FUTURE DEVELOPMENT AMD LIMITATIONS 

A. At mic imaging and aberration correction 

The direct imaging of molecular structure and the mo- 
tions of atoms and molecules is a continuing challenge m 
electron microscopy. This has become possible in high 
voltage TEM and STEM instruments, where images of sin- 
ele molecules in a crystalline array have been recon- 
structed *' arrangements of inorganic atoms near crystal 
boundanes have been imaged, and the motion of heavy 
atoms on a substrate have been observed. Major prob- 
lems include specimen damage and unwanted contrast 
from underlying substrate material, both of which make 
the direct imaging of isolated atoms and molecules very 

iifficult. ^ . . 

One might wonder whether this goal might be reached 
,n the low rather than high voltage limit. The traditional 
land probably correct) answer is no. because of fundamen- 
tal resolution limitations, but it seems worthwhile to ex- 
plore further. In contrast to light optical lenses, whose 
tefractive surfaces can be shaped and positioned to correct 
geometnc and chromatic aberrations, the focusing action 
Df electron lenses is dictated by the equations for electro- 
static and magnetic fields in vacuum. They cannot be easily 
manipulated to correct aberration, so the angle a in the 
expression 6^=0.6 K,/V''' sin a for ultimate diffraction 
i limited resolution must be much smaller to control spher- 
ical and chromatic aberration [see Eqs. (l)-(3)]. While a 
high-resolution light optical lens accepts up to 1 rad. typ- 
ical electron optical conditions in a TEM operating at 100 
keV are a=lO mrad at 6=0.2 nm. and for a LEEM op- 
erating at 40 eV. a = 56 mrad, at 6 = 4 nm. Atomic im- 
aging of an atom with diameter of 0.2 nm is not possible at 
low voltage without aberration correction. 

In the absence of aberrations, the situation is different. 
Assuming for a moment that aberrations can be corrected 
using mirrors, filters, and/or holographic reconstruction, 
then both instruments are limited by diffraction. If the 
optics can accept an angle sin a =0.6. and if there are any 
electrons scattered at this angle, then the diffraction limit 
becomes 6,= K,/ V = A, and resolution is only limited by 
the uncertainty pnnciple. An electron energy of only 36 eV 
*ould be required to resolve 0.2-nm atoms. After acceler- 
ation to K„= 100 keV, the beam angle a„ is about 10 mrad, 
and conditions are similar lo the high-vollage TEM, so 
fftolution is preserved by the rest of the optics If the 
aberrations of the accelerating field could be corrected, 
atomic resolution could also be possible at low energy. 





. UNCORRECTtD LEEM I. AiERRATlON CORRECTED LEEM c LNCORRICTO) TIM 

FIG 1 1 Scaitenng angular distnbutions and imaging ray paths for a 
discussion of atomic resolution in a hypothetical LEEM with correction 
of sphencal and chromatic aberrations. In the TEM example above 100 
keV scattering angles and useable aperture angles are well matched, al- 
lowing atomic resolution without correction Without correction^the 
LEEM can neither resolve the atom nor collect a useable signal^ With 
correction this could become possible, and substrate scaitenng and spec- 
imen damage considerations might favor low energy. However, the re- 
quired corrections are quite extreme, making this scenario unhkely 

Continuing to speculate without practical limitations, 
one might ask at which energy are contrast, background, 
and damage conditions more favorable? Consider an iso- 
lated atom on an amorphous substrate, illuminated by a 
parallel beam. The general behavior of the angular scatter- 
ing distribution is derived in textbooks using both classical 
and wave optical methods. At low energy where the wave- 
length IS comparable to the atomic diameter, scattering is 
approximately isotropic. Forward scattering is absorbed in 
the substrate, and an approximately cosine distnbution of 
backscattered electrons reflects from the surf-ace. A wide 
angle lens with sin a =0.6, placed above the surf-ace. ac- 
cepts about 50% of the scattered distribution and can re- 
solve the surface atom if the illumination energy exceeds 
about 36 eV. Figure 1 1 shows the arrangement, first for an 
aberration-limited case and then for a purely diffraction 
limited case necessary for atomic imaging. 

At high energy, the scattering angular distnbution 
shifts forward with a mean angle of approximately sin a, 
=0.6 K^/( ^do), i e.. the angle subtended by the Abbe 
disk of diffraction from a small hole with diameter do- 
Elastic backscattering decreases sharply, and it is necessary 
to place the imaging lens below the sample. Since the scat- 
tered beam must pass through the substrate without sub- 
stantial multiple scattering, the atom of interest must he on 
a very thin substrate. A narrow forward peaked distnbu- 
tion emerges. A lens with a=a, below the sample also 
accepts about 50% of the scaitenng, and can resolve the 
surface atom. Above about 100 keV this condition can be 
met with uncorrected objective lenses. 
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With aberration correction, high and low voltage col- 
lection efficiencies are similar, and the intensity of the at- 
om's image depends upon the total scattering cross section. 
At low energy, this can be a substantial fraction of the 
atom's physical area v d^/A, as indicated by the fact that 
backscatters do not escape from below a few monolayers. 
At high voltage, cross sections decrease, as indicated by the 
fact that electrons can penetrate many substrate layers 
without appreciable multiple scattering. Thus one might 
expect a stronger image signal from the atom of interest 
when it is illuminated by low voltage electrons. 

In both cases, scattering also occurs from substrate 
atoms, which produces a background that reduces contrast 
and increases statistical noise. At low voltage, only the first 
few substrate atoms, lying just below the atom defining an 
image element, should contribute background. At high 
voltage, all substrate atoms in the thin sample cross section 
contribute equally to the background, so unless the sub- 
strate is very thin, background scattering should be larger 
and contrast less favorable. 

When specimen damage is important, the ratio of elas- 
tic to inelastic damage cross section determines the number 
of useful image electrons that can be collected before the 
dose becomes excessive. The author is not aware of data 
appropriate to very low-energy electrons, but it seems rea- 
sonable to expect that low-energy electrons (below the ion- 
ization threshold for substantial Auger and x-ray emis- 
sions), do less damage. These emissions peak in the 1-keV 

range, while backscatter cross sections peak at much lower C. Future development 



collection efficiency seem to be the keys to minimizing 
damage. 

Some possible electron optical effects in the LEEM 
remain to be evaluated. One concern is the interaction be- 
tween electrons along the beam path. If the density of elec- 
trons is high enough to cause statistical deviations \n the 
trajectories of image electrons, both stochastic and chro- 
matic effects degrade resolution.^ As in electron beam li- 
thography, the microampere beams necessary for spectro- 
scopic LEEM may show these effects. Estimation of beam 
interactions are difficult in bidirectional beams with wide 
energy spreads. Recent results suggest that increasing col- 
lection angle and reducing angular intensities are particu- 
larly effective."" 

Although many contrast mechanisms are understood 
qualitatively, there is a lack of quantitative theory to help 
interpret cases where several contrast mechanisms are pos- 
sible. With quantitative theory, image processing may be 
applied to the isolation of desired image information. The- 
ory will develop as new observations require interpretation. 
There are undoubtedly contrast mechanisms that have not 
yet been recognized. Possibilities for scanning LEEM and 
holography have been mentioned. Analogy to TEM sug- 
gests the possibility of both off-axis full-field holography 
using beamsplitters,^^ and real time scanning reconstruc- 
tion using diffraction plane filters.^ There are also other 
familiar TEM modes to be tried. 



energies. 

From these primitive arguments, one concludes that 
conditions might be favorable for atomic imaging in 
LEEM were it not for geometric and chromatic aberra- 
tions. However, these aberrations are quite fundamental, 
and in TEM their correction has proved elusive. As ener- 
gies decrease, the required degree of correction increases. 
In the 30-100-eV range that might be attractive, aperture 
angles need to be increased by almost an order of magni- 
tude. This is not seriously contemplated by electron opti- 
cians. Nevertheless, there is a relatively large benefit to be 
gained by correcting aberrations in LEEM, because large 
angle scattering is there to be exploited. Increases in reso- 
lution are accompanied by increases in contrast and image 
intensity, and corresponding decreases in damage, which is 
a desirable situation for all contrast modes. This is an im- 
portant and challenging task for the future. 



B. Additional limiting factors 

Specimen damage is a concern in LEEM, especially in 
photoemission and spectrographic modes with low quan- 
tum yields.** '^'^^ Organic samples with weak covalent 
bonds, or weakly scattering objects that require very high 
illumination flux are particularly susceptible. Dose per unit 
area increases with magnification and resolution because 
the dose per image element remains fixed by statistical re- 
quirements, so damage tends to limit useful resolution in 
biological TEM,**' and PEEM,* and sometimes also in 
SAM.*^ Choice of illumination energy and maximization of 



Although this article presents a rather specific instru- 
mental configuration, there are many possibilities, e.g., 
Ref. 39. One attractive approach would be to float the 
electron optical path at positive high voltage, allowing the 
sample to be grounded.*' This is advantageous when the 
sample condition requires special controls, for example, 
heating, cooling, sputtering, plasma processing, mechani- 
cal stress, or application of electrical signals. In principle, 
the beam path could be confined within an insulating tube 
along a magnetic beam path, or most of the optics could be 
electrostatic.^^ As mentioned before, the challenge of com- 
bining separation, energy analysis, and correction leaves 
much room for creativity. 

The present state of LEEM*s evolution finds a new 
generation of instruments in a few labs throughout the 
world. ^ Most of these instruments are laboratory proto- 
types dedicated to basic research upon specific samples and 
various combinations of contrast modes. Applications in 
applied fields such as catalysis, semiconductor process de- 
velopment, quality control, and inspection are just begin- 
ning. Since the commercial instrumentation phase is also 
just beginning, one may speculate about the possible direc- 
tions it might take. 

The core instrument required to exploit each contrast 
mechanism has a remarkably large fraction of the modules 
necessary to exploit all of them. This core system is shown 
in double lined boxes in Fig. 8. If photoemission and elastic 
electron beam modes are both needed, then the optics and 
associated electronics approach their full complexity 
High-resolution energy analysis is very desirable for all 
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modes and is necessary for many. Specialization becomes 
largely a matter of choosing modules that detcrmme sam- 
ple environment and image processing capability. The ma- 
jor investment seems to be in creating a LEEM environ- 
ment, regardless of the contrast mode. This situation seems 
to favor generalized instruments in centralized facilities, 
where they become available to uses with a wide variety of 
research goals. 

A designer's challenge is to reduce the complexity of 
the core system to the point where widespread use in spe- 
cialized labs becomes realistic. This is a systemic challenge, 
involving the simphfication of each element as well as cre- 
ative coordination of overall system architecture. It seems 
likely that a modular approach is desirable, with the core 
elements being the mam target for simplification. Regard- 
less of how this challenge is met, LEEM seems to justify 
commercial effort toward an instrument suitable for di- 
verse application. 

V. DISCUSSION 

One might define a low-energy microscope in two 
ways. An instrumentalist might prefer: an electron micro- 
scope that uses an accelerating immersion cathode lens to 
form direct images and diffraction patterns from the low- 
energy electrons leaving a surface. Researchers more con- 
cerned with their application might prefer: an electron mi- 
croscope that can form spatially and temporally correlated 
images that selectively contain topographic, structural, and 
chemical information about a dynamically changing sur- 
face. The section on contrast mechanisms highlights the 
variety of information available in LEEM images. In its 
present state of development, each new sample is an ad- 
venture that drives the instrument and techniques a step 
further. There are many samples waiting to be tried, and 
doubtless as many surprises waiting, so there is a high level 
of enthusiasm in the field. The author hopes that this re- 
view of the instrumental aspects of LEEM captures some 
of this enthusiasm. 
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